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Quantitative Determination Of Crystalline Silica Utilizing Solid State
Silicon-29 NMR
Gregory E. Kowalczyk
Abstract
, Solid state silicon-29 Nuclear Magnetic Resonance spectroscopy
(NMR) has been utilized for quantitative analysis of crystalline silica. The
objective of this project was to develop a method for the detection and
quantification of crystalline silica as a contaminant in matrices at or below
the 0.1 weight percent level. X-ray diffraction (XRD) has three limitations.
As a first ,limitation X-ray diffraction requires particle sizes to be on the order
of a few microns. Solid state NMR is effective for particles in the domain of
a few nanometers. A second limitation of XRD analysis is possible
interferences to the crystalline silica diffraction pattern from within the
analyzed matrix. Based on our analyse"s to date, NMR does not show similar
interferences. A third limitation of X-ray diffraction is the inability to quantify
amorphous material. This project has used solid state silicon NMR to identify
and quantify both amorphous and crystalline silica polymorphs .
.The method employs single pulse excitation with Magic Angle Sample
Spinning (MASS). A single pulse excitation protocol was established for
quantitative silica analysis utilizing a reduced pulse angle of 10 0 with a 20
minute relaxation delay between acquisitions. The reduced pulse angle was
used to circumvent the long silicon relaxation times (T1s) for the crystalline
silica species. The spectra were recorded at a measurement frequency of
59.6 MHz with high power proton decoupling at 300.1 MHz. A blind test of
1
Six silica standards was used for comparison with X-ray diffraction analyses
as a test of the protocol. The methodology was used for the analysis of
commercial grade natural iron oxide pigments. Quantitative determination of
crystalline silica employed tetrakis(trimethylsilyl)silane as a spin-counting
standard.
2
I. Introduction
J
Quantitative determination of crystalline silica has been accomplished
utilizing solid state silicon-29 Nuclear Magnetic Resonance spectroscopy
(NMR). The objective of this project was to develop a method for the
analysis of trace quantities (0.1 weight %) of crystalline silica found as a
contaminant in some matrices used in the art products industry. This thesis
describes the research from the exploratory analyses of NMR for silica
determination to the development of a methodology and use of said method
for the analysis of commercial grade samples. The motivational factors that!
initiated this project are based on regulatory interest in crystalline silica as it
is listed as a possible human carcinogen.
There are several currently accepted methods of analysis for
crystalline silica at trace levels: X-ray diffraction, optical microscopy,
'"""'~
scanning electron microscopy, Fourier transform infrared spectroscopy, and
wet chemical methods (i.e. gravimetric analysis). There are some limitations
in the current methodologies including interferences from other minerals,
particle size restrictions and decreased sensitivity dependent upon the
sample matrix. Solid state NMR was chosen to address these limitations and
provide an alternative method of analysis. Solid state NMR has two main
advantages: the technique is not restricted by particle sizes, and it is
possible with NMR to differentiate various polymorphs of silica including
amorphous silica. The primary issue in developing the NMR method would
be to attain the needed sensitivity for quantification of crystalline silica at
..
the 0.1 weight percent level.
3
· A. Regulatory Factors. The interest by the regulatory agencies began
in 1987 when the International Agency for Research on Cancer (IARC)
classified crystalline silica as a probable carcinogen in Monograph 42
Supplement 7.(1) Prior tolARC's listing crystalline silica was categorized as
a nuisance dust and a cause of silicosis. (2) Present epidemiology research
on the mechanisms of silicosis suggest that only particles smaller than 10
microns are responsible for silicosis due to effective filtering by the lung
tissue.(3) Because of the IARC classification crystalline silica b.ecame a
regulated substance under the Occupational Safety and Health
Administration's (OSHA) Hazard Communication Standard requiring hazard
labeling for levels at 0.1 weight percent or greater in the workplace.(4)
Respirable crystalline silica is listed as a carcinogen on the State of
California's Safe Drinking Water and Toxic Enforcement Act
(Proposition 65).(5) In 1992 Crystalline silica was listed as reasonably
anticipated to cause cancer in the Department of Health and Human
Services National Toxicology Program's Sixth Annual Report on
Carcinogens. (6)
Several regulatory issues are still pending. One item currently in the
court systems is a petition for lowering OSHA's Hazar;.dous Communication
Standard threshold. A second factor under consideration examines the level
of available free crystalline silica that will require hazard labeling by the
Consumer Product Safety Commission. A third area investigates the amount
of respirable crystalline silica separate from bulk samples. Other states are
Considering similar legislation to that of California's Proposition 65. The Ohio
Toxic Initiative, which may appear on the November 1992 ballot as a
...
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referendum item, targets all substances on California's Proposition 65 list
including crystalline silica(7).
B. Silica Classification. Silica is the term for silicon dioxide with the
chemical structure of Si02 The matrix exist in a tetrahedral arrangement
with the silicon atom sharing four oxygens. There are several polymorphs of
silica with the same structure but with variations in the crystal lattices and
different stabilities according to temperature and pressure. Alpha (a) quartz
is the most abundant naturally occurring polymorph of crystalline silica.
Alpha quartz is stabl.e to 573°C, while /3-quartz is stable to 1470°C at
atmospheric pressures, but reverts to a-quartz upon cooling.(8) Other forms
of crystalline silica include cristobalite, tridymite, coesite, keatite and
stishovite. (9) Amorphous silica has the same composition of Si02 but with a
random structure of the crystal lattice. Opal is the hydrated form of silica
Si02,nH20.(10) Silicates occur as other elements become substituted in the
crystal lattice. Examples include talc (magnesium silicate; M93H2(Si03)4)
and kaolin clay (aluminum silicate; AI203-2Si02·H20). Silicates are
presently not listed in the Hazardous Communication Standard but are
evaluated for crystalline silica as a contaminant.
'\
Silicon is the second most abundant material in Earth I s crust but is
only found in combination with other elements, as in silicon dioxide.(11)
B<?_cause of its abundance crystalline silica (a-quartz and cristobalite) can be
present from trace levels to high concentrations in virtually any mined
material. Matrices used in the art products industry that contain crystalline
silica as an impurity include calcium carbonates, mined pigments (Le. iron
oxides, titanium dioxides), diatomaceous earth, clays, etc. There is concern
5
,
of crystalline silica exposure in the manufacturing process for the art
products industry (Le. paints and chalks). The availability of respirable
crystalline silica in finished products is limited to situations where particles
less than 10 microns can become airborne. This includes aerosol products,
spray applications and sanding. The multitude of materials containing
crystalline silica and the increased regulatory activity that has proliferated
since the publication of IARC Monograph 42, Supplement 7 has expanded
interest in methods of analysis for the quantitative determination of
crystalline silica.
C. Existing Methods of Analysis for Crystalline Silica. There are
four primary techniques for analyzing crystalline silica: X-ray powder
diffraction (XRD), Fourier transform infra red spectroscopy (FT-IR),
microscopy techniques; both optical microscopy (OM) and scanning electron
(SEM) microscopy, and wet chemical procedures. There are advantages and
disadvantages for all of the techniques that vary from one silica containing
matrix to another. The application of a given technique is often sample
specific. Possible interferences, available reference samples and geological
history of the material all playa role in choosing an effective method. In all
of these approaches a previous knowledge of sample history is vital for
quantitative analysis. With the multitude of silica containing species and the
effect of geological history it is improbable that a single procedure or
universal reference standard can be applied for all testing. This issue
remains a contested point between industry and regulatory authorities.
X-ray powder diffraction is widely used as a technique for the
analysis of trace quantities of crystalline silica. Standardized methods are
6
approved by the -National Institute of Occupatio!1al Safety and Health
- .'
(NIOSH) ~s NIOSH Method 7500.(12) X-ray diffraction methods have been
established for trace determination of crystalline silica below 0.05 weight
. . .
percent in certain matrices. (13,14) Although XRD is sensitive to trace
quantities of crystalline materials there are a few limitations of X-ray
analysis. X-ray diffraction is inappropriate for the analysis of non-crystalline
species. A second limitation is the requirement for particle sizes to be on the
order of a few microns. Because of the size limitations XRD does not
.
provide analysis over the full range of respirable samplesj).less than 101-' for
NIOSH and less than 4.21-' for consumer products. In XRD analysis particle
size limitations can lead to underestimating the quantity of crystalline silica
present.(15) A third factor is possible interferences with the diffraction
pattern from within the analyzed matrix. The strongest peak in the
diffraction pattern for a-quartz is given by a d spacing equivalent to 4.26
J
angstroms (A) while the next two highest intensity peaks arise from
d = 3.34 and 1.82 A.(16) Minerals with pattern interferences include
kaolinite, graphite, muscovite and talc. One way to circumvent interfering
species is through full pattern matching which is more difficult for trace
analysis.
The general criteria for all techniques are experienced operators and
knowledge of the samples geological history. In microscopy methods the
ability to differentiate crystalline silica species from the matrix requires an
experienced operator. Historically, optical microscopy has been used
extensively for the analysis of silica. The amount of crystalline silica
contained in the sample is derived by point counting statistics;(17)
7
A disadvantage of microscopy is encountered when the matrix has an
opacity that does not permit observation of the silica crystals (Le. br9wn
iron oxide pigments). While not as prevalent as XRD or· microscopy for
crystalline silica analysis, there exist standardized FT-IR procedures for the
determination Of~-quartz, NIOSH Method 7602, (18).
Wet chemical methods exist as both sample preparation procedures
done prior to XRD, FT-IR, OM or SEM analyses and as independent
techniques. Crystalline silica is basically inert except when exposed to
hydrofluoric acid and strong alkaline materials. Talvite developed a method
in which the silicates are removed from the sample by pyrophosphoric acid
followed by dissolving crystalline silica in hydrofluoric acid. Gravimetric
determination of crystalline silica completes the analysis. (19) In a revision to
the original approach, Talvite used the pyrophosphoric acid followed by
dissolving the crystalline silica in hydrofluoric acid then forming a complex
of molybdosilicic acid which is evaluated by 'colorimetric analysis. (20) ~ere
are a few disadvantages to working with pyrophosphoric and hydrofluoric
acids: a percentage of crystalline silica can be lost in the pyrophosphoric
acid, the possibility of dissolving minerals other than silica with hydrofluoric
acid, and the safety hazards associated with concentrated hydrofluoric acid.
Another wet chemical method utilizing potassium chloride and potassium
carbonate for digesting crystalline silica from silicate matrices followed by
colorimetric analysis of the molybdosilicic acid complex is described by
Dobreva. (21)
Solid state NMR was chosen as a technique to address the limitations
of the current analytical techniques for silica analysis. The emphasis of this
8
'---.
project is on differentiation of silica polymorphs and quantification in
matrices containing known XRD interferences. Particle size e'ffects were not
addressed. This project will use XRD as the benchmark for comparison
testing. It is not our objective to replace XRD but to use solid state NMR as
a possible adjunct to XRD analysis.
D. Background on 29Si NMR. The initial use of solid state 29Si NMR
for structure elucidatiqn was by Lippmaa et al. (22) Their investigation
provided qualitative identification of silica containing minerals based on
chemical shift differences. Minerals included a-quartz, cristobalite, talc and
other silicates. Another area investigated by Lippmaa et al. was aluminum
oxide silica linkages in zeolites. (23) Klinowski et al. utilized solid state 29Si
NMR to derive the ratio of Si to AI in aluminum silicate matrices from peak
areas. (24) Smith and "Blackwell followed with their investigation of Si-O
. L
bond lengths and Si-O-Si bond angles of silica polymorphs using solid state
29Si NMR.(25) Graetsch et al. used NMR in conjunction with XRD, near
infrared and thermal analysis for analyzing non-crystalline species including
opals. (26) Kanzaki et al. characterized calcium silicates with NMR and
XRD.(27)
Advanta~es of solid state 29Si NMR for the analysis of crystalline
silica include: qualitative identification. of silica polymorphs including
amorphous species, sensitive to crystallite particle sizes on the order of a
few nanometers compared to microns for XRD analysis, matrix interferences
are not a problem if there is sufficient separation between chemical shifts of
the signals. There are also disadvantages associated with NMR as an
..
analytical technique. The primary disadvantage .of NMR is sensitivity.
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Silicon-29 has a natural abundance of 4.7%.(28) This requires on the order
of 1018 spins to obtain reasonable signal utilizing approximately 200 mg of
sample (for a 300 MHz spectrometer). A second disadvantage of solid state
29Si NMR is the long silicon relaxation time (T1) in crystalline samples.
Silicon T1S have been measured f~>r silicates at greater than 5,000
seconds. (29) For quantitative NMR, using a single pulse excitation and a
90° tip angle, it is beneficial to wait five T1s between acquisitions. This
provides greater than 99 % confidence that all spins have relaxed and
quantitative information is obtained. (30) A third disadvantage of NMR
analysis involves the effects of paramagnetic.centers which can decrease
the signal of the observed species. (31) Sensitivity and paramagnetic effects
can be addressed through sample preparation. The problem with long T 1S
has been circumvented by developing a protocol that utilizes reduced pulse
angles and significantly decreases the time required between acquisitions.
These provisions enable solid state 29Si NMR to be used for the analysis of
crystalline silica at trace levels. The utility of solid state NMR analysis is ~
demonstrated with natural iron oxide pigments.
The NMR analysis protocol is based on a reduced pulse angle. In
standard single pulse excitation NMR analysis a 90° pulse (71"/2) is applied to
the sample at the appropriate frequency. The resulting signal is recorded as
the spins return to equilibrium. For single pulse experiments a 90° tip angle
provides the highest intensity for the signal. The purpose in developing the
protocol was to determine what fraction of a 90° pulse would not show a
decrease in signal intensity for a given relaxation time. Solid state 13C NMR
analyses were performed at various pulse angles (0) from 5° to 90° on
.~ . /
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aminoacetic acid (glycine, NH2CH2COOH). Glycine has two 13C resonances
of known T1s. The objective of the experiment was to determine the limiting
- tip angle for tneapplted pulse where no decrease in signal intensity for a
particular relaxation delay was observed. A second aspect was to decrease
the time required between pulse acquisitions. Well established theory
predicts that a smaller tip angle results in. a shorter time between
acquisitions for maintaining quantitative conditions. (32) The protocol
provided a reduction in the time between acquisitions while obtaining
t
maxtmum signal intensity through signal averaging.
II Experimental Section
A. Materials. Reagent grade materials used in sample preparation
were obtained from Fisher Scientific and used as received.
Hexamethylcyclotrisiloxane was obtained from Huls America, Inc. and used '
as received. Tetrakis{trimethylsilyl)silane, adamantane and glycine were
obtained from Aldrich Chemical Co. and used as received. Commercial grade
materials used include talc (magnesium silicate, Pfizer Inc.) and kaolin
(aluminum silicate, Evans Clay Co.). The samples of a-quartz, cristobalite
and amorphous (fumed) silica used as standards were generously pr~vided
by Gary Tomaino of Pfizer Inc., Easton Pa. Six unknown blends of the
standards were provided along with X-ray analyses by Gary Tomaino and
Pfizer for use as blind samples to check the protocol. Samples of
commercial grade natural iron oxide pigments were provided by Hoover
Color Corp. and Pfizer Inc.
B. Iron Oxide Pigment Preparation. Prior to 29Si NMR analysis of the
pigment samples the iron oxide was removed from the sample wittraol acid
11
digestion step. The methodology used was based on the Dry Color
Manufacturers' Association procedure "An Analytical Method for the
-Oeterrnin'ation of Crystalline Silica in Iron Oxides, Part A".(33) This
"-procedure provided two benefits: it increased the relative silica
concentration present in the sample and removed the paramagnetic centers
(ferric oxide and manganite). Concentrated hydrochloric acid was used to
dissolve the iron oxide. A pigment sample (1 to 3 grams to the nearest mg)
was digested in 30 ml of 12 N HCI for one hour at 100° C with agitation.
The samples were diluted to twice the original volume with deionized water
followed by gravity filtration through Whatman 12 ashless filter paper.
Approximately 300 to 400 ml of deionized water was used to rinse the
sample. When the effluent was free of chlorides ( precipitation test with
0.1 % silver nitrate and nitric acid) the filter paper was transferred to a 40 ml
porcelain crucible and placed in a muffle furnace at 750°C for two hours.
The samples were cooled to room temperature in a desiccator, then
reheated and cooled until a constant weight to 1.~mg had been obtained.
Blanks containing the acid were run for each series of samples to determine
the residue from the filter paper and the reagents used in the procedure. For
the first few series a second acid digestion was employed to insure
complete removal of the iron oxide. Repetitive sample preparations of the
pigments yielded total acid insolubles within 1% for the replicates.
C. Instrumentation. Solid state 29Si and 13C NMR analyses were
performed on a modified General Electric model GN-300 FT-NMR
Spectrometer equipped with a Doty SCientific 7mm Magic Angle Sample
Spinning,(MASS) probe. The spectra were obtained at 59.62 MHz for silicon
12
an'd 75.47 MHzfor carbon. High power proton decoupling at 300.1 MHz
was performed during all acquisition times. All samplesw~re packed in 7mm
r' J
single crystal sapphire rotors (0.35 cm3) with Kel-F@ e1ld. caps.
Hexamethylcyclotrisiloxane was used as an external chemical shift reference
(0 =-9.00 ppm relative to tetramethylsilane(TMS)), and
tetrakis(trimethylsilyl)silane (TKS) was used as an internal standard for spin
countingexperiments.fetrakis(trimeth'ilsilyl)sllane has two resonances:
0= -9.4, ppm and 0= -134 ppm relative to TMS. Adamantane was used as
an external chemical shift reference for 13C NMR of glycine. (34) X-ray
powder diffraction data for the standards and unknown blends were
provided by Gary Tomaino of Pfizer Inc. The XRD analyses were recorded
on a Siemen's 0-500 X-ray Powder Diffractometer.
D. NMR Parameters. All NMR analyses were recorded with high
power proton decoupling and MASS at speeds from 3 to 5 KHz. Proton
decoupling radio frequency field strength during acquisition was 50 KHz.
The spectrometer sweep width was 25,000 Hz, corresponding to a dwell
time of 20 microseconds. Typical experimental block sizes were 4K or 8K
data points (real plus imaginary) with corresponding acquisition times of 41
milliseconds and 82 milliseconds respectively. The silicon 90° pulse length
and offset were determined with hexamethylcyclotrisiloxane prior to
silicon-29 NMR analysis. The accuracy of the offset determination is detailed
in the results section. The primary experimental technique used for the 29Si
NMR analyses was single pulse excitation. This method was used for the
13C NMR analyses of the glycine sample for the reduced pulse angle
experiments. All quantitative crystalline silica NMR analysis employed the
13
single pulse excitation method including: analysis of a 50/50 weight percent
, blend of a-quartz/amorphous silica, as a check of the NMR protocol for'
analyzing the six unknown (blind) standard blends and for silica
determination in the iron oxide pigment samples There were two other NMR
techniques employed during the project. The pulse saturation method was
used to determine the silicon-29 T1S for the a-quartz, cristobalite and
amorphous silica standards. (35) The other technique employed was based
on cross-polarization for the determination of the silicon T1S for TKS. The
latter experimental pulse sequence used was described by Torchia.(36) The
relaxation delay varied from 8 milliseconds to 256 seconds with the number
of excitations equivalent to 48 for this determination.
Spin counting was employed in conjunction with the single pulse
excitation technique for the determination of crystalline silica in the acid
insoluble fraction of the iron oxide pigment samples. There were two series
. .
of spin counting experiments. The first set examined the percent recovery of
a-quartz with TKS as an internal standard, while the second set determined
the weight percent of crystalline silica in the pigment samples. For the spin
counting experiment of the a-quartz standard the sample was prepared by
weighing known quantities and physically blending the materials under a
nitrogen atmosphere. The sample contained 179 mg (± 1.0 mg) of a-quartz
and 57 mg (± 1.0 mg) of TKS. The silyl peak integral of TKS (0=-9.4 ppm)
~
was set at 1,000. The spectra were obtained with the single pulse
excitation technique utilizing the reduced tip angle protocol. Each spectrum
was integrated and the TKS resonance at 0= -9.4 ppm was standardized at
a value of 1,000. The number of silicon atoms contributing to that peak was
14
determined which was then used to calculate the number of atoms
contributing to the resonance for the crystalline species. The concept was
based on the technique used by Hagaman et al. (37) Weighed quantities of
TKS and the samples were physically blended during loading of the sample
rotor to provide an even distribution of the standard and sample. The
samples typically contained approximately 25 percent by weight of TKS.
For all experiments the samples ranged in weight from 200 to
300 mg with each component determined to the nearest 1.0 mg. The
number of acquisitions varied between 24 and 200 with experiments
typically requiring 24 hours of instrument time. All spectra were processed
with exponential line broadening equivalent to 10Hz. The time domain data
were zero filled once before Fourier transform. Curve fitting analyses were
performed with the software of the GN-300 spectrometer. Parameters that
are specific for a given series of experiments are provided in the results
section.
III Results
A. Preliminary NMR Analysis. One aspect of the research was
identification of the silica polymorphs. Hexamethylcyclotrisiloxane provided
two advantages as an external standard: it allowed rapid determination of
the silicon 90° pulse, and it established the appropriate chemical shift
offset. In evaluating the silicon 90° pulse it is necessary to have relatively
short T 1s. It would be necessary to wait much longer than eight hours
between acquisitions if a-quartz were used to determine the silicon 90°
pulse, while TKS would require approximate 10 to 15 minutes between
acquisitions. With hexamethylcyclotrisiloxane the time required between
15
acquisitions is less than two seconds and cross-polarization can be used as .
atechnique.
A second requirement of the external standard was to provide little
variance in chemical shift determination. The a-quartz, cristobalite and
amorphous silica resonances are separated by only five ppm units. The
reproducibility of the chemical shift determination is critical for qualitative
analysis. In order to check the efficiency of hexamethylcyclotrisiloxane as
an external standard, multiple successive runs were performed with the
removal of the probe and sample after each run. An offset of 0= -9.00 ppm
was assigned to the first run. Seven runs in all were performed with an
average chemical shift of 0= -8.96 and s = 0.027.
B. T1 Determination. The initial set of experiments investigated the
relaxation times for the standard samples of a-quartz, cristobalite and
amorphous silica. Devreux et al. have investigated silicon T1S for amorphous
and crystalline species. (38) Their findings indicate the relaxation times for
the crystalline species to be on the order of 10,000 seconds while the
amorphous relaxation times were on the order of 1,000 seconds. The pulse
saturation technique was employed for silicon-29 T1 determination of the
standards.(35) The time between pulse acquisitions was varied from 4 to
5,121 seconds with the number of excitations equal to 16. Figure 1 is a plot
of the magnetization recovery for the a-quartz and amorphous silica
standards at various recycle de~ays. The T1 is determined by fitting the data
to the equation Mz = Mo(1- e-tfT1 ) where Mz is the magnetization recovery,
Mo is the value of the magnetization at infinite relaxation time and t is the
time between pulses. (39) Two pieces of information were obtained from
16
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amorphous silica (*) to determine silicon-29 T 1S. I
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these experiments. The first is that a-quartz and cristobalite have T1S
greater than 5,000 seconds. The second point demonstrated was the ability
to differentiate the polyniorphs of silica base on chemical shift values: a-
quartz is at 0=-107 ppm, cristobalite appears at 0=-109 ppm and
amorphous silica yields a broad peak at 0= -111 ppm, Figure 2.
The determination of the silicon T1 for TKS employed cross-
polarization as described by Torchia. (36) The approximate silicon T 1 is given
by the' time for a drop in peak intensity of one unit on the plot of In peak
intensity verses time between acquisitions. From Figure 3 the silicon T1
value for TKS is approximately 250 seconds. The obvious non-linear
relationship will be covered in the discussion section
C. Reduced Pulse Angle Protocol. The second series of
experiments involved developing a protocol of a reduced pulse angle to
decrease the time required for the spins to return to equilibrium. The
,
objective was to increase the number of excitations during a given
measurement period. The number of acquisitions improves the signal to
noise ratio (SIN) for the spectrum by the relation (SIN) oc VNA.(32) Solid
state 13C NMR analyses of glycine were recorded with variable excitation
pulse angles. The tip angles evaluated were 0 = 5°, 10°, 15°, 20°, 30°,
45 0, 60° and 90°. The time between acquisitions was varied from 1 to 60
seconds for each of these pulse angles with the number of transients equal
to 96. Four dummy scans were taken prior to acquiring each data set.
Glycine has two resonances, a methylene line at 44 ppm and the carbonyl
peak at 176 ppm. Figures 4 and 5 are plots of absolute peak intensities at
selected pulse angles as a function of the relaxation time for the carbonyl
18
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Figure 2. Spectra from pulse saturation experiment provides chemical
shift (0) values of silica standards for a-quartz (0 = -107 ppm), cristobalite
(0 = -109 ppm) and amorphous silica (0 = -111 ppm).
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glycine at selected tip angles: 100 (0-), 200 (.... ), 45 0 (-+-), and 90 0 (-ll-).
Experimental technique was carbon-13 NMR single pulse excitation.
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Figure 5. Absolute peak height vs. relaxation time for methylene resonance
of glycine at selected tip angles: 100 (-<>-), 20 0 (----), 45 0 (+), and 90 0 (-6-) •.
Experimental technique was carbon-13 NMR single pulse excitation.
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and methylene resonances. There was no decrease in peak intensity for
either signal at pulse angles (J < 10 0 at reduced recycle delays.
~
The next series ofexperiments determined the appropriate recycle
delay between acquisitions for samples containing silica to insure complete
relaxation of the spins. A 50/50 weight percent blend of a-quartz and
amorphous silica was mixed by hand and loaded into a rotor. Single pulse
excitation NMR spectra were recorded at various recycle delays from 1 to
60 minutes with 10 0 pulse angles. The relative areas for the spectra were-
determined with the curve resolving software of the GN-300 spectrometer.
The results of the two component blend are shown in Table 1. Recycle
delays at or greater than 20 minutes provide total recovery of the quartz
signal. Replicate analyses with a 20 minute relaxation time between
acquisitions yielded the same results. The signal to noise ratios, corrected
for the number of acquisitions, were comparable for spectra with recycle
,
delays ~ 20 minutes.
D. Quantitative 29Si NMR of Crystalline Silica. The protocol
for quantitative 29Si NMR determination of crystalline. silica was established
with a pulse angle of 10 0 and a recycle delay of 20 minutes between
acquisitions. Six blends of the a-quartz, cristobalite and amorphous silica
standards (sample's #1-6) were submitted as blind unknowns by Gary
Tomaino of Pfizer Inc. to test the protocol. The samples were analyzed by
this protocol. The number of acquisitions varied from 104 to 200 with
individual experiments running from 35 to 67 hours. Components were
identified by chemical shift values; the relative percent compositions of the
samples were determined with the curve resolving software of the
23
Recycle Delay Number of % a-Quartz % Amorphous
(min) Acquisitions
1 40 28 72
5 40 37 63
10 64 33 67
15 40 33 67
20 24 48 52
20 24 49 51
40 24 50 50
60 24 49 51
Table 1. Quantitative analysis for 50/50 weight percent blend of a-quartz and
amorphous silica utilizing a 10° pulse angle. The weight percent for each fraction
was determined with the curve resolving software of the instrument.
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spectrometer. The 29Si NMR data is shown in Table 2 along with XRD
results for the six blind samples. Figure 6 is a plot of the spectrum for
saW!'ple #1 and the curve fitti~g profiles. The NMR spectra for the six
unknowns are included for comparison; Figures 7,8 9,10, r1 and 12.
Single pulse excitation spectra were recorded utilizing the validated
protocol for the determination of crystalline silica in natural iron oxide
pigments. The analyses employed spin counting with TKS as an internal
standard. Prior to analysis of the pigment samples it was necessary to run
spin counting experiments on the a-quartz standard to determine the
percent recovery for the a-quartz signal with TKS as an internal standard.
This was done as a check on the technique and to determine if TKS is an
appropriate reference for the solid state 29Si NMR analysis. This experiment
utilized the protocol of a 10° pulse angle with recycle delays of 20 and 100
minutes. The number of acquisitions was 120 for the 20 minute relaxation
series and 32 for the 100 minute data set. The silyl peak integral of
TKS (0 =-9.4 ppm) was set at 1,000. The spectrum for the 20 minute
recycle delay is shown with the peak integration in Figure 13.
Based on the sample weight of TKS the number of silicon atoms
contributing to the signal observed at 0=-9.4 ppm was determined. The
weight of a-quartz observed was determined from the ratio of the integrals
for the a-quartz peak (0 = -107 ppm) to the silyl peak for TKS
(0 = -9.4 ppm). The calculation included the molecular weight for silicon
dioxide and TKS and the molar ratio of silicon atoms for TKS and a-quartz.
The percent silica recovered was given by the ratio of the weight observed
divided by the initial weight times 100. For the relaxation delay of 20
25
% a-Quartz % Cristobalite % Amorphous
Sample # NAa NMR XRD NMR XRD NMR XRD
1 200 37 35 37 35 26 30
2 104 90 80 10 10 0 10
3 187 10 10 11 10 79 80
4 136 100 100 0 0 0 0
5 136 0 0 0 0 100 100
6 200 2 5 98 95 0 0
a NA equals the number of acquisitions.
Table 2. Comparison of NMR and XRD analysis for six blended samples
analyzed as blinds by the NMR protocol utilizing a 10° pulse angle with a 20
minute recycle delay.
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Figure 6. Blind sample #1 with curve fit profiles: A. represents the
experimental spectrum, B. is the combined fitted peaks, and C. represents
the individual peaks. The NMR analysis for sample #1 yielded 37% a-quartz,
37% cristobalite and 26% amorphous silica compared to XRD analysis of
35%, 35% and 30% respectively.
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Figure 7. Single pulse excitation spectrum for blind sample #1recorded with
a 100 pulse angle and a 20 minute recycle delay. The number of
acquisitions was 200 (NA =200) and the data was processed with
exponential line broadening equal to 10Hz (LB =10Hz).
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Figure 8. Single pulse excitation spectrum for blind sample #2 recorded with
a 100 pulse angle and a recycle delay of 20 minutes; NA =104, LB =10Hz.
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Figure 9. Single pulse excitation spectrum for blind sample #3 recorded with
a 10° pulse angle and a recycle delay of 20 minutes; NA = 192, LB = 10Hz.
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Figure 10. Single pulse excitation spectrum for blind sample #4 recorded
with a 100 pulse angle and a recycle delay of 20 minutes; NA =136,
LB= 10Hz.
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Figure 11. Single pulse excitation spectrum for blind sample #5 recorded
with a 10 0 pulse angle and a recycle delay of 20 mh:lUtes; NA = 136,
LB=50Hz.
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Figure 12. Single pulse exc!tation spectrum for blind sample #6 recorded
with a 10° pulse angle and a recycle delay of 20 minutes; NA =200,
LB =10Hz.
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Figure 13. Integrated spectrum of the spin counting experiment for a-quartz
with TKS. Single pulse excitation utilizing 10° pulse angle. The recycle delay
was 20 minutes and the number of acquisitions was 120. Peaks and -)
integrals are labeled.
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minutes the integral of the a-quartz peak was 3,072 corresponding to a
recovery of or 73.3%. The series for the 100 minute recycle delay had
3,007 for the integral of the a-quartz peak corresponding to a recovery of
71.7%. A correction coefficient of 1.38 was applied to calculate the percent
crystalline silica for the analyses of the pigment samples based on the
average percent recovery of the a-quartz standard for both the 20 minute
and the 100 minute data sets.
Commercial grade talc and kaolin clay were evaluated by solid state
29Si NMR prior to the pigment analyses. These materials are known
contaminants of natural iron oxide pigments. They were evaluated at various
recycle delays from 30 seconds to 20 minutes by single pulse excitation and
the protocol of a 10° tip angle to check that the silicon T1s for the silicates
were less than that of a-quartz and that the chemical shift values were
sufficiently separated for identification. Based on signal-to-noise ratios and
percent recovery of the signals the silicon-29 T1s for talc and kaolin are less
than the a-quartz T l' The chemical shift values for talc and kaolin are
0= - 98 ppm and 0= -92 ppm respectively. A three component blend of
ex-quartz, talc and kaolin was evaluated with a 10° tip angle with acquisition
delays of 1 and 20 minutes as confirmation of the parameters and check of
the protocol prior to the iron oxide pigment analyses. The spectrum of the
silicate blend utilizing the protocol is shown in the Figure 14.
Seven NMR runs of iron oxide pigment samples were performed with
the TKS as a spin count referenc~. The percent crystalline silica for each
sample was determined as described previously with two additions: the
correction coefficient of 1.38 was applied to the weight crystalline silica
35
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Figure 14. Single pulse excitation spectrum of three component blend
recorded with the protocol of a 10° pulse angle and 20 minute recycle
delay, NA=48, LB=10. The sample was comprised of 53.9% kaolin (peak
A), 25.6% talc (peak B), and 20.5% a-quartz (peak C) by weight. Curve fit
analysis of the NMR spectrum yielded 49%, 26%, and 25% respectively.
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recovered, and the percent acid insoluble fraction was used to determine
the percent silica for the bulk sample. There were two lots of a Sienna iron
oxide pigment and one lot of a Brown Shade iron oxide pigment (composite
of natural minerals). The acid digestion procedure to remove the iron oxide
was done twice per lot to yield six samples; four sienna pigments (sienna
#1, 2, 3 and 4) and two brown pigments (brown #1 and #2). The percent
acid insolubles obtained for the digestion procedure are listed in Table 3.
Known quantities (+ 1.0 mg) of TKS and the pigment acid insoluble fraction
were blended for each sample by hand providing uniform distribution in the
rotor. The spectra were recorded utilizing the established protocol. The
number of acquisitions varied from 48 to 176.
A third sample of the brown pigment (brown #3) was prepared by
spiking weighed quantities of TKS and brown pigment acid insoluble fraction
with 2% by weight of the a-quartz standard. The amount of crystalline silica
present in each sample was determined as before. The weight of crystalline
silica observed in the sample was determined with the integral value from
0= -106 to -109.5 ppm (incorporating both a-quartz and cristobalite). For
brown #3 the weight of the added a-quartz was subtracted from the
corrected weight observed prior to determining the percent silica in the bulk
material. The results of the pigment analyses are presented in Table 4.
Spectra for Sienna #1, Sienna #3 and Brown #1 are shown in Figures 15,
16 and 17.
IV Discussion
The original objective for this project was to develop an alternative
test method for the analysis of crystalline silica. The primary limitation to the
37
Pigment Sample % Acid Insolubles
Sienna A
Sienna B
Brown Shade
35.2
38.3
32.3
34.3
38.7
32.3
Table 3. The percent acid insoluble fraction for the iron oxide pigment
samples. Siennas A and B represent different materials with the same color
designation.
38
Sample Sample Weight Integral @ Crystalline Silica
TKS Pigment -107 to -109 ppm Total wt. %
Sienna #1 0.033g 0.174g 3128 21.0%
Sienna #2 0.033g 0.174g 2797 18.8%
Sienna #3 0.054g 0.163g 1408 18.5%
Sienna #4 0.082g 0.125g 753 19.7%
Brown #1 0.076g 0.244g 188 0.018%
Brown #2 0.025g 0.245g 720 0.024%
Brown #3a 0.047g 0.214g 438 - 0.023%
a The weight recovered represents the weight of crystalline silica in the
sample after the quantity of a-quartz used to spike the sample was
subtracted from the total Si02 found by NMR analysis.
Table 4. Spin counting results of crystalline silica determination for acid
insoluble fraction of iron oxide pigment samples. Weight recovered includes
the integral correction coefficient of 1.38 as described in the text.
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Figure 15. Sienna #1 with TKS. The integral at 0= -9.4 ppm is 1000 and
the integral for the crystalline silica region 0= -106 to -109.5 ppm is 3,128.
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Figure 16. Sienna #3 with TKS. The integral at 0= -9.4 ppm is 1000 and
the integral for the crystalline silica region 0= -106 to -109.5 ppm is 1,408.
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Figure 17. Brown #1 with TKS. The integral at 0= -9.4 ppm is 1000 and the
integral for the crystalline silica region 0= -106 to -109.5 ppm is 188.
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use of NMR for silica analysis at the start of the project was the sensitivity
required to achieve reproducible analyses of silica at the 0.1 weight percent
level. The definition of the spectrum is improved with signal averaging (Le.
increase the number of acquisitions). The T1 is the limiting factor in how
many acquisitions can be recorded in a reasonable time. Quantitative NMR
for single pulse excitation analysis is best accomplished by waiting a
minimum of five T1s between acquisitions for a 90 0 pulse.(32) The
technique of single pulse excitation was chosen based on the nature of the
samples. The silica polymorphs do not contain sufficient protons for use of
cross-polarization techniques.
The first series of experiments determined that the TS1 for a-quartz
and cristobalite samples were greater than 5,000 seconds. With T1s of that
magnitude the experiment would require greater than eight hours between
acquisitions. This represents the primary difficulty in using solid state NMR
for. crystalline silica determination. For trace analysis there are insufficient
spins in the sample to provide reasonable signal after one day of signal
averaging utilizing a 90 0 pulse with the sample size used here
(200 - 300 mg ). A protocol was developed to provide a reduced acquisition
time between pulses and maximize the number of pulses for the best signal
to noise ratio while maintaining accuracy of the quantitative analysis. The
protocol provides the longest effective tip angle without loss of signal
intensity. The slight variation from linearity observed for (J = 100 on the
methylene-and carbonyl resonances at short recycle delays could be
a~ributed to power variations of the amplifiers during instrument warm up.
A second possible explanation might be due to the noise of the peak
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measurements. Despite the slight variation of the plot there is no significant
decrease in intensity for the peak heights of either resonance for the 10° tip
-
angle series at short relaxation delays.
In the development of the protocol a minimum pulse length was
established. For our analyses it was necessary to increase the silicon pulse
length to 9 microseconds to give a silicon 10° tip angle of a minimum of
1.0 microsecond. Pulses shorter than 1.0 microsecond suffer from
increasing amounts of distortion due to limitations of the NMR spectrometer.
A second situation involved determining the appropriate recycle delay for
the silica analysis. Initial experiments with the O!-quartz/amorphous blend
utilizing a 10° pulse angle and relaxation times from 1 to 60 minutes yielded
an effective relaxation delay of 10 minutes. Replicate analyses utilizing just
the 10 minute recycle delay did not provide complete recovery of the
O!-quartz peak. The difference from the initial experiment involved the way
the spectra were acquired. For all series of experiments the da1ta was
acquired in blocks of eight acquisitions for each data set. If there was only
one relaxation time in the parameter list the instrument would stack the
acquisitions in continuous blocks of eight. For experiments with more than
one delay time the instrument would complete one block of eight than move
to the next recycle delay. In the initial experiment the 10 minute delay
followed the 5 minute delay. The eight acquisitions for the 60 minute
recycle delay provided sufficient relaxation for the sample that the
incomplete recovery for the 10 minute series was not observed with eight
successive acquisitions. When 64 successive acquisitions at 10 minute
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intervals (in stacked blocks of eight) were acquired there ~as insufficient(
relaxati,on of the a-quartz component and subsequent loss of signal.
A similar phenomena was observed for an acquisition delay of 15 minutes.
~ ,
Replicate analyses with a recycle delay of 20 minutes showed no decrease
in the a-quartz signal and had similar signal-to-noise ratios to the 40 and 60
minute series. Based on this data the protocol was established at a pulse
angle of 10° with 20 minutes between acquisitions.
, The six blended samples provided a blind test of the protocol. Based
on the data in Table 2 the agreement between XRD and NMR analyses for
the samples is excellent, typically within a few percent. The only exception
is unknown blend sample #2 where the NMR method did not detect the
amorphous component. There are three factors that provide possible
explanations. The amorphous silica peak is broad in comparison to the a-
quartz and cristobalite signals. The width and short peak height make it
difficult to distinguish this weak resonance at low concentrations of
amorphous silica in the presence of high concentrations of a-quartz or
cristobalite. The 10Hz exponential line broadening used to process the
spectra is appropriate for a-quartz and cristobalite but is not optimal for'
amorphous silica. Because it is a broad peak a suitable exponential line
broadening for amorphous silica would be 50 Hz or greater, but this could
distort the quantification of the a-quartz and cristobalite components. A
comparison of alternative exponential line broadening values for unknown
blend sample #3 is shown in Figure 18. At a value of 10Hz all three
components are distinguishable but as the data is processed with increasing
45
BI I I r-r---I I I I
-80, _-90
I I I I II I I I I I I I I I I I
-100 -110 -120 -130 PPM
t
Figure 18. Comparison spectra of blind sample #3 processed with various
exponential line broadening (LB) values: A. LB =10Hz, B. LB =30Hz and
C. LB=50hz.
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ei<ponential line bro~dening the a-quartz illJd cristobalite pe~aks begin to fuse
together.
A general indication of the composition of the blind samples is given
by the spinning speeds of the samples. The.....'1elative density of a-quartz. is
higher than that of the other silica polymorphs. It was difficult to obtain
MASS speeds of 3 KHz for a 100 percent a-quartz sample while 5 KHz was
attainable for the other polymorphs. The ease with which a sample was.
spun is indicative of the .concentration of the a-quartz component.
The subjectivity of the operator in processing the spectrum with the
•
curve-fitting software is also important. The overall agreement between the
NMR and XRD analyses for the blend samples provides proof of the
effectiveness of the protocol utilizing a reduced pulse angle of 10° with a
recycle delay of 20 minutes for the analysis of silica polymorphs.
Based on the success of the blended samples the next phase of the
project was the analysis of bulk samples. Natural iron oxide pigments were
chosen as a matrix for NMR analysis. The natural pigments differ from the
synthetic pigments in the complexity of composition. The synthetic
pigments typically contain 99% Fe203 while the natural pigments may
contain as much as 40% of other species. Other minerals present may
include talc, kaolin, manganite, and amorphous silica in addition to
crystalline silica. These materials can interfere with XRD patterns. For brown
shades the opacity of the pigments prohibit analysis by optical microscopy.
Two negative aspects of this choice for bulk analysis are apparent: the
complete composition of the matrix is not known (Le. it may contain
paramagnetic centers), and a poor concentration ratio is achieved during the
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acid wash preparation. Typically the acid digestion step only improves the
proportion of crystalline silica moieties by a factor of three for these natural
brown materials.
Several preliminary experiments were required prior to NMR analysis
ofthe pigments. The first step is the sample concentration procedure
described in the experimental section. The acid insoluble fractions for the
natural iron oxide pigment samples were on the order of 30 to 39 %. Single
pulse excitation spectra were recorded for talc and kaolin to insure no
chemical shift interferences with crystalline silica and that the T1S were less
than that of a-quartz. Once the pigments were prepared a technique was
required for the quantitative analysis. Spin counting was employed to
quantify the amount of crystalline silica present in the acid insolubles of the
pigment. Spin counting relies on an internal standard of a known number of
spins to standardize the spectrum.
Effective spin counting requires a standard that is nonvolatile,
possess a narrow band width, and has a T1 less than the analyzed species.
The hexamethylcyclotrisiloxane used as an external reference is too volatile
to be used as a spin count reference for overnight runs.
Tetrakis(trimethylsilyl)silane (TKS, [(CH3)3Si]4Si ) has been used as a
chemical shift reference for solid state 1Hand 13C NMR and 'has been used
for quantitative spin counting.(40,41) In order to use TKS as a spin count
reference the silicon T1 had to be less than a-quartz and cristobalite. The
silicon T1 for TKS was measured at approximately 250 seconds,
substantially less than the T1S for the silica polymorphs. The non-linearity
observed for the plot of In peak height verses recycle delay (Figure 3)
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suggest that the silicon T1S for TKS exist as a family of T1s instead of a
single discrete value. The 20 and 100 minute recycle delay experiment
utilizing a 10° pulse angle for the a-quartz standard with TKS provided proof
that the silicon T1s were less than the silicon T1s for a-quartz. There was
".
virtually no difference in the percent recovery of the·· a-quartz standard at
the two relaxation times. If there had been a variation then TKS would not
have been suitable for use with the protocol. A second requirement was
. _.. _-._------~_ .. __ .. '.-.-.'-'-'._-- .--. --; ------- - _.' ------------- -- - -'-------_... -- ---- -------
that none of the TKS silicon resonances interfered with any of the
crystalline .§jlica signals. The two resonances for TKS (0 = -9.4 and 0= -134
ppm) are well separated from the region of interest.
The spin counting experiment for the a-quartz standard had an
average percent recovery of approximately 72.5% for the two relaxation
experiments. The explanation for the incomplete recovery is not known at
this time. One possible factor is that TKS is inappropriate as a silicon spin
-
count reference for the silica species we are analyzing. The fact that the
weight recovery for both relaxation times was the same provides proof of
the protocol. In support of the method are the integral values for the
a-quartz peak within 2% for the 20 and 100 minute recycle delay
experiments. The correction coefficient of 1.38 was employed based on an
average recovery of 72.5% for the a-quartz experiments.
Solid state NMR analysis of the pigment samples provided reasonable
reproducibility for the replicates. The accuracy of the method is not entirely
known. The crystalline silica weight percent values obtained for the iron
oxide pigment samples are reasonable based on information from the
suppliers. (42) The values obtained from NMR analysis of sienna samples
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#3 and #4 are within the anticipated range based on gravimetric
determinations. The exact concentration of crystalline silica for the samples
.was not known. The data for brown #3 (spiked sample, Table 3) is a good
indication of the reproducibility of the NMR protocol but only when
compared to the results from the NMR results for brown samples #1 and
#2. The estimated range for the brown shade pigments is on the order of
0.04%. This value was extrapolated based on the minerals that make up the
brown shade pigment. This particular sample contains XRD interferences for
crystalline silica and has an opacity that prohibits analysis by microscopy so
that the exact concentration of ·crystalline is not known.
The variation in calculated concentration for the sienna samples is
greater in magnitude than the calculated crystalline silica weight percent for
the brown shade pigments. The relative error associated with the
measurement of the sienna samples is from three to six percent based on
the measured value of crystalline. The relative error bar for the brown shade
pigments based on the NMR analysis is between 10 and 20 percent.
The objective of this project was to develop a method for the
determination of crystalline silica in concentrations at or below 0.1 weight
percent. Solid state silicon-29 NMR has provided qualitative analysis of silica
polymorphs. It has provided quantitative analysis of the blind test samples
to within a few percent. With the use of the protocol, detection o~
crystalline silica at levels less than 0.1 weight percent has been
'-'
accomplished. There are three areas of concern based on the spin counting
experiments for the pigment samples: trace analysis is difficult utilizing the
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current spectrometer system, the procedure has large error bars, and the
NMR results have not been confirmed through another technique.
A second problem associated with the NMR technique as developed is
lengthy analysis time. An experiment utilizing 48 acquisitions requires 16
hours. This can be addressed by increasing the sample size. The sample
volume of the 7mmrotor is 0.35 cm3 . Maciel and Zhang have demonstrated
the effectiveness of solid state MASS NMR utilizing large volume sample
rotors, 2.5 cm3 and 6 cm3, for 13C and 29Si NMR analysis.(43) With the
,
2.5 cm3 rotor the sensitivity is improved by a factor of approximately eight
over the current probe and rotor system used in this project. Increasing the
sample size increases the number of observed nuclei improving the signal
strength and substantially reducing the number of acquisitions to obtain the
same sensitivity as illustrated here. Such probe systems are commercially
available.(44) A second approach to improve the sensitivity is through
sample preparation. Vasallo et al. have demonstrated the effectiveness of
reducing paramagnetic contributions of iron and manganese through
treatment with sodium dithionite and improving their spin count
efficiency.(45) While the iron oxide and manganite should be removed
during the acid concentration step there is the possibility of paramagnetic
effects from the remaining material. This does not provide an explanation for
the incomplete recovery of the a-quartz standard for the spin count
experiments with TKS.
V. Conclusion
A solid state 29Si NMR method utilizing a 10° pulse angle coupled
with a 20 minute recycle delay has been developed for the analysis of
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crystalline silica. The benefits associated with the NMR approach are: there
. • r
are no restrictions based on particle size, it is appropriate for all silica
polymorphs, and is free of interferences based on work completed. The
NMR protocol was successfully demonstrated in blind analyses of blended
standards as compared to X-ray diffraction data. The technique was utilized
in the determination of the crystalline silica concentration of the acid
insoluble fraction from brown shades of natural iron oxide pigrn'...!:e~n'..!.'t.,...s,,--.~~~~~~_
The total weight percent crystalline silica for the pigment samples
was determined with spin counting using TKS as an internal standard. The
NMR analyses had a relative error of approximately five percent for the
sienna samples. The relative error bar for the brown shade iron oxide
pigment samples was between 10 and 20 percent. A correction coefficient
of 1.38 was utilized based on spin count analysis of the a-quartz standard
with TKS as an internal standard.
The data gathered to efate indicate that solid state 29Si NMR could be
used as an alternative technique for the analysis of crystalline silica. Solid
state silicon-29 NMR could be used for analysis of other silica containing
matrices (i.e. calcium carbonates, clays and or talc). It is also possible that
the solid state 29Si NMR could be used to determine respirable crystalline
silica.
The use of 29Si NMR as a technique for the quantification of
crystalline silica can be improved. One way to improve the technique would
be to increase the sample size. An increase in sample size would enhance
sensitivity and decrease analysis time. At the present time trace analysis for
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crystalline silica is difficult and the solid state NMR approach as described
has large error bars.
The objective of this research project was to provide an alternative
method for the analysis of crystalline silica. The technique is valid based on
the successful analysis of the blind test samples and the silicate blend. More
work is needed regarding spin counting and bulk analysis. The objective of
crystalline silica determination at trace levels was accomplished for iron
oxide pigment, particularly the brown shade where NMR analysis yielded a
crystalline silica weight percent less than 0.1. The future use of solid state
29Si NMR for the analysis of silica containing materials is promising. This
technique is suited for the analysis of matrices where particle size is a
limiting factor for XRD analysis. Solid state 29Si NMa has not shown·
interferences to crystalline silica and has demon'strated the ability to
differentiate between the silica polymorphs. The population of materials that
may contain crystalline silica is enormous. Many of these materials are
suited for solid state silicon-29 NMR analysis.
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